␣-Smooth muscle actin (ASMA), the most abundant protein in smooth muscle cells, is expressed primarily in normal adult smooth muscle cells and transiently in cardiac and skeletal muscle cells during development (1, 2) . Expression, however, is not exclusive to smooth muscle cells, and is a prominent feature of other cells such as myofibroblasts (3, 4) . Myofibroblasts have a phenotype intermediate between fibroblasts and smooth muscle cells, and their emergence such as in pulmonary fibrosis may be induced by cytokines, especially transforming growth factor-␤ (TGF-␤), an important cytokine regulating cell growth, morphogenesis, cell differentiation, and apoptosis (5) (6) (7) (8) . However, the regulatory mechanism for induction of ASMA gene expression in myofibroblast differentiation from fibroblasts is incompletely understood, and may be important toward understanding the pathogenesis of fibrotic lung diseases wherein myofibroblasts are a key feature as a source of extracellular matrix and fibrogenic cytokines.
Recently, a novel TGF-␤ control element (TCE) at Ϫ42 to Ϫ61 from the transcriptional start site of the ASMA promoter is found to be important for its stimulation by TGF-␤ (8, 9) . Deletion or mutation of the TCE results in significant reduction of basal and TGF-␤-induced ASMA promoter activity (8) (9) (10) . BTEB2, GKLF, SP1, and other Krü ppel-like factors are reported to bind to the TCE and regulate promoter activity (10) (11) (12) . In these studies, only the first 125-bp core promoter region of the ASMA gene was investigated because the effect of TGF-␤ induction can be demonstrated in the absence of additional upstream sequences. Nevertheless, this core 125-bp promoter construct may not fully confer the overall and cell-specific transcriptional regulation of the ASMA gene. Previous studies have demonstrated that even though the core 125-bp ASMA promoter is highly active in rat aortic smooth muscle cells, it lacks activity in L6 myotubes, a cell type that endogenously expresses the ASMA gene (13) . Additionally, this 125-bp promoter/reporter construct exhibits high activity in endothelial cells, a cell type that does not endogenously express the ASMA gene (13) . Moreover, this 125-bp ASMA promoter fragment is inactive when tested in transgenic mice (14) . Thus, a longer fragment of the ASMA promoter should be studied, and cis-acting elements in loci other than the core promoter region must be considered for a complete picture of the regulation of ASMA gene transcriptional activation. As an example, enhancer activity in intron 1, in addition to the core promoter and upstream regions of the ASMA gene, are found to be important in its transcriptional regulation in activated mesangial cells (15) .
A system comprised of Smad proteins is found to mediate intracellular signaling of the TGF-␤ superfamily of ligands in many cells (16) (17) (18) (19) (20) . For the TGF-␤ pathway, the Smad proteins, Smad2 and Smad3, are ligand-responsive (16, 17) . They are molecules of relative molecular mass 42-60 kD with two regions of homology at the amino and carboxy terminals, termed Mad-homology domains 1 (MH1) and 2 (MH2), respectively. These regions are connected by a proline-rich linker sequence of variable length that is not as highly conserved (18) . The MH1 domain of Smad3 and Smad4, but not of Smad2, mediates direct binding to DNA, and in conjunction with other transcription factors, regulate promoter activity in this manner (18, 19) . The MH2 domain mediates interaction with other proteins to form homoand heteromeric complexes, resulting in either activation or inhibition of gene expression, partly by regulating DNA binding by the MH1 domain (21) . Smad4 functions as a cofactor in this signaling pathway, forming complexes with the previous two Smads and translocating to the nucleus to regulate gene expression (17) . Upon TGF-␤ binding to the TGF-␤ type II receptor (T␤RII), the active type II receptor kinase phosphorylates and activates the type I receptor (T␤RI) (22, 23) . The activated T␤RI is phosphorylated at its carboxy-terminal and transiently associates with Smad2 and Smad3 via mediation by a membrane-associated FYVE domain-containing protein, Smad anchor for receptor activation or SARA (20) . These receptor-activated Smads are phosphorylated, which enable them to form a heteromeric complex with Smad4 and then translocate into the nucleus where target genes are transcriptionally regulated (24) . The activation of TGF-␤-induced transcription can be mediated through the binding element of Smad3/ Smad4 containing the CAGA box (25) (26) (27) or through the cooperation of Smad proteins with other trans-acting factors (28) . Despite this well-known role of the Smad pathway in mediating TGF-␤ regulation of gene expression, the role of Smad proteins has not been fully elucidated in TGF-␤-induced ASMA expression and myofibroblast differentiation.
To address this issue, the role of Smad3 in TGF-␤-induced lung myofibroblast differentiation in terms of ASMA gene expression was examined. First, its expression along with other Smad proteins was confirmed in isolated rat lung fibroblasts. TGF-␤1 treatment enhances the expression of Smad3 and Smad4. The role of Smad3 in ASMA expression was confirmed by its elevated expression in cells transfected with a Smad3-expressing plasmid, and inhibition by an antisense construct. Cotransfection analysis of a 764-bp rat ASMA promoter construct with Smad3 or anti-Smad3 expression constructs confirmed that Smad3 could stimulate ASMA promoter activity. Sequence analysis identified two potential Smad3-binding elements (SBEs), one of which resides upstream of the core 125-bp ASMA promoter used in previous studies (10) (11) (12) . The functional importance of one of these SBEs to ASMA gene transcription was suggested by mutational analysis of the 764-bp rat ASMA promoter construct in rat lung fibroblasts. Binding of Smad3 to these sequences was demonstrated by gel shift assay, supershift analysis, and DNA affinity precipitation. These findings taken in their totality suggest that in addition to the Krü ppel-like factor-TCE interaction, a Smad3-SBE interaction is also important in mediating TGF-␤1-induced ASMA gene expression in rat lung myofibroblast differentiation.
Materials and Methods

Cell Culture
Fibroblasts were isolated from adult rat lungs as described previously (8) . Briefly, 4-to 6-wk-old rats were killed, and their lungs were perfused with phosphate-buffered saline (PBS). The lung tissue was digested in trypsin-EDTA solution until the cells were released. The cells were cultured in complete medium composed of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% plasma-derived serum (PDS) (Cocalico Biologicals, Inc., Reamstown, PA), 100 U/ml penicillin, 100 g/ml streptomycin, 0.25 g/ml fungizone, 1% ITS (insulin, transferrin, selenium) (Sigma Chemicals, St. Louis, MO), 5 ng/ml PDGF (R&D Systems, Minneapolis, MN), and 10 ng/ml EGF (R&D Systems).
TGF-␤ 1 Treatment
Cells were cultured overnight in complete medium. They were deprived of serum by rinsing twice in PBS and incubating in DMEM containing 2 mg/ml bovine serum albumin for 24 h. This was followed by addition of 2 ng/ml TGF-␤ 1 (R&D Systems) for different time as indicated in the text before harvesting.
Construction of ASMA Promoter Constructs and cDNA Clones
The rat ASMA promoter was cloned by polymerase chain reaction (PCR) from rat genomic DNA with primers 5Ј-ACGGTCCT TAAGCATGATAT-3Ј and 5Ј-CTTACCCTGATGGCGACTGG CTGG-3Ј according to the published sequence (GenBank, S76011). It was inserted into vector pGal3-basic (Promega, Madison, WI) at the smaI site to form the ␣-SMAp-luc fusion plasmid pGal3-␣SMAp, which is used as the template for site-directed mutagenesis. Two putative SBEs, identified as SBE1 (Ϫ552 to Ϫ513) and SBE2 (Ϫ5 to ϩ28), were discovered by sequence comparison analysis. According to the sequences at these two sites, the following primers were used for the construction of promoter mutants to confirm functional importance of these two SBEs: A (5Ј-TACAG A C T T C A T T G A T A C T A C A C A A A G C T T C C A G A CTACATAC-3Ј); B (5Ј-GTATGTAGTCTGGAAGCTTTGTG TAGTATCAATGAAGTCT-3Ј); C (5Ј-CCACCCACCTGCAG TGGAGAAGCCCAGC-3Ј); D (5Ј-CTGGGCTTCTCCACTG CAGGTGGGTGGT-3Ј); E (5Ј-TGCAAACCATGCCTGCAG ATGCTTCATGACACTAGC-3Ј); and F (5Ј-GCAAGTGTCAT GAAGGTTCTGCAGGCAGGGTTTGCA-3Ј).
They form three primer pairs used in the QuickChange mutagenesis kit (Stratagene, La Jolla, CA) to obtain two SBE mutants and one unrelated mutant as a control. These mutant promoter constructs were designated as follows: ␣SMAp-luc-SBEm1 (C Ϫ524 , A Ϫ525 , and C Ϫ528 changed to T
Ϫ524
, C
Ϫ525
, and A
Ϫ528
, to mutate the SBE1 site), ␣SMAp-luc-SBEm2 (C ϩ15 , A ϩ16 , and G ϩ17 changed to T ϩ15 , G
ϩ16
, and C ϩ17 to mutate the SBE2 site) and ␣SMAp-lucSBEcontrol (C Ϫ294 , T Ϫ295 , and G Ϫ296 changed to A Ϫ294 , G Ϫ295 , and A Ϫ296 to mutate a site other than SBE1 and SBE2). A HindIII or a PstI restriction endonuclease site was created in each construct, respectively, for screening.
Rat Smad3 cDNA was first cloned in plasmid pCDNA3.0-Rsmad3 as previously described (29) . It was cut down with EcoRI and inserted in frame into mammalian expression vector pEGFP-C2 (BD Biosciences Clontech, Palo Alto, CA) at EcoRI site to form smad3 expression plasmid pEGFPC2-RSmad3. The same fragment cloned in vector pEGFPC2 but in reverse direction was named pEGFPC2-RSmad3-Rev, whose transcript is an antisense Smad3 mRNA.
Western Blotting
Cells (7 ϫ 10 4 /well) were plated in 6-well plates and treated as above with TGF-␤ 1 . The cells were harvested by scraping into Laemmli's sample loading buffer. Equal amounts of protein were electrophoresed through 12% SDS polyacrylamide gels. The separated protein bands were transferred onto nitrocellulose membranes. Nonspecific binding was blocked with 10% nonfat milk (Bio-Rad Laboratories, Hercules, CA) in 10 mM Tris-buffered saline containing 0.5% Tween 20. ASMA was detected using anti-ASMA monoclonal antibody (Cymbus Biotechnology Ltd., Hampshire, UK) at a dilution of 1:2,000, an anti-mouse IgG linked to horseradish peroxidase (Amersham Biosciences Co., Piscataway, NJ) and chemiluminescent substrate LumiGLO (New England Biolabs, Beverly, MA). All other antibodies were purchased from Santa Cruz Biotechnology, Inc. Santa Cruz, CA. Specificity of antibodies was confirmed using isoform-matched nonimmune immunoglobulins. The blots were exposed to Hyperfilm ECL film (Amersham Biosciences Co.).
Transfection and Reporter Gene Assay
All transient transfections were performed using the FuGENE6 reagent (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions. Supercoiled DNA was isolated with an endotoxin-free Qiagen column kit (Qiagen Inc, Valencia, CA). Unless otherwise indicated, cells were seeded in 6-well plates at a density of 10 5 per well in DMEM containing 10% PDS, and incubated at 37ЊC overnight. Routinely, 1 g of the indicated DNA construct was used for transfection per culture in serumfree medium containing 2 mg/ml bovine serum albumin with or without 2 ng/ml TGF-␤ 1 treatment. For reporter gene assay, plasmid pSV-␤-galactosidase control vector was co-transfected for normalization. After 24 h the cells were harvested, and luciferase and ␤-galactosidase activities were measured using the luciferase assay system and ␤-galactosidase assay kit from Promega, respectively. Experiments with each construct were repeated two to four times, and relative activity (fold over promoterless control) was expressed as mean Ϯ SE.
Nuclear Extract Preparation
Nuclear extracts were prepared from untreated and TGF-␤ 1 -treated cultures as previously described (8) . Briefly, the cultures were rinsed twice with cold PBS, and then with Dignam's Buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], and 4 g/ml leupeptin). The cells were then scraped into Buffer A and washed once with the same. The cell pellet was finally resuspended in Buffer A and kept on ice for 15 min before brief extraction in 0.6% NP40. The extract was vortexed, centrifuged briefly, and the cytoplasmic extract was then removed. The nuclei were further extracted in Dignam's Buffer C (20 mM HEPES, 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM EDTA, 25% glycerol, 1 mM DTT, 0.5 mM PMSF, 4 g/ml leupeptin) for 20 min on ice. The extracts were then centrifuged, and the supernatants stored at Ϫ70ЊC until used. Protein was estimated by the BCA method (Pierce, Rockford, IL).
Electrophoretic Mobility Shift Assay
The sequences of the oligonucleotide probes to detect the binding of Smad3 corresponds to the region between Ϫ552 and Ϫ513 (SBE1) or Ϫ5 and ϩ28 (SBE2) of the ASMA promoter. Singlestranded oligonucleotides in the sense and antisense directions were synthesized. The sequences of the sense strands were: SBE1, 5Ј-TACAGACTTCATTGATACTACACACAGACTCCAGAC TAC-3Ј and SBE2, 5Ј-TCCCCAGACACCACCCACCCAGAG TGGAGAAGC-3Ј. SBE-mutated oligonucleotide probes were also prepared for confirmation of specificity of binding, and the sense sequences of these probes were as follows (mutated bases are in lower case): SBE1 mut, 5Ј-TACAGACTTCATTGATAC TACACAaAGctTCCAGAC-3Ј; SBE2 mut, 5Ј-CCCAGACAC CACCCACCtgcAGT-3Ј.
The oligonucleotides were annealed before labeling with T4 polynucleotide kinase and (␥-32 P) ATP to detect double stranded DNA-binding proteins. Electrophoretic mobility shift assay (EMSA) reaction mixtures contained 3-5 g of protein extract, 1.0 g of Poly dI-dC, 0.1 g poly-L-lysine, 0.5-1 ng labeled probe (20,000-30,000 cpm), and antibodies as indicated, in a final volume of 15 l of Dignam's Buffer C. Where indicated, the EMSA reaction mixtures were preincubated with antibodies on ice for 30 min before probe addition and incubation for another 20 min at room temperature. Samples were then analyzed by electrophoresis on 8% nondenaturing polyacrylamide gels at 300 V in 1ϫ TBE. After electrophoresis, the gels were dried and exposed to X-ray film for 24 h.
DNA Affinity Precipitation
To confirm Smad3 binding to SBE1 and SBE2, DNA affinity precipitation was undertaken using biotinylated oligonucleotides essentially as described (30) . Briefly, equal amounts of cell lysate protein (100 g) prepared in 1% Nonidet P-40, 150 mM NaCl, 1 mM PMSF, 1.5% aprotinin, and 20 mM Tris-HCl (pH 7.5) were precleared with streptavidin-agarose beads (Sigma Chemical Co.) and then incubated with 200 ng of biotinylated double-stranded oligonucleotides in the presence of 2 g of poly(dI-dC) at 4ЊC for 1 h. DNA-bound proteins were mixed with streptavidin-agarose for 1 h with end-over-end rotation, washed extensively with cell lysis buffer, and analyzed by SDS-PAGE and immunoblotting using anti-Smad3 antibodies. The sense strand oligonucleotide sequences were: SBE1, 5Ј-ACAGACTTCATTGATACTACACA CAGACTCCAGACTAC-3Ј; SBE2, 5Ј-CCCCAGACACCACC CACCCAGAGTGGAGAAGC-3Ј; SBE1 mut, 5Ј-TACAGAC TTCATTGATACTACACAaAGctTCCAGAC-3Ј; SBE2 mut, 5Ј-CCCAGACACCACCCACCtgcAGT-3Ј.
Results
Expression of Smads in Rat Fibroblast
TGF-␤ plays a key role in tissue repair and fibrosis, partly due to its capacity to induce myofibroblast differentiation. Part of this induction includes ASMA gene expression, wherein a novel TCE at Ϫ42 to Ϫ61 from transcriptional start site is reported to be important for the activation of the 125-bp core ASMA promoter by TGF-␤ (8, 9). However, the core promoter may not fully confer the overall and cell-specific transcriptional regulation of the ASMA gene, as its expression level varies in different cell types (13, 14) . Thus, a longer fragment of the ASMA promoter should be studied, and cis-acting elements in loci other than the core promoter region must be considered for a more complete picture of how ASMA gene expression is regulated.
In a search for other possible regulatory elements involved, the role of the Smad proteins associated with TGF-␤ signaling was investigated. Because this pathway involves the cooperation of the effector Smads proteins, including Smad3 and Smad4, and their binding to an SBE or to a core "CAGA" sequence (or SBE-like sequences) within the regulatory region of the target genes, the ASMA promoter was first analyzed by sequence comparison to search for potential SBE sites. The results of this analysis showed at least two potential SBEs, one at Ϫ552 to Ϫ513 (SBE1) of the ASMA promoter containing three CAGA motifs, and another at Ϫ5 to ϩ28 with two CAGA motifs (Figure 1) . Thus, these findings support the possible importance of Smad proteins in regulation of ASMA gene expression in TGF-␤-induced myofibroblast differentiation.
As a first step in elucidating the potential role of the Smad pathway, expression of this protein family was exam- ined in rat lung fibroblasts by Western blotting analysis at 48 h after TGF-␤ treatment, when the induction of ASMA reached the highest level (data not shown). The results indicated that all members of the Smad family were detected in untreated cells (Figure 2 ). Upon treatment with TGF-␤, the level of expression was not appreciably changed, with the exception of Smad3, Smad4, and Smad8. The expression of Smad3 and Smad4 increased, whereas the expression level of Smad8 decreased with TGF-␤ treatment, consistent with a role for at least Smad3 and Smad4 in regulation of gene expression. Additionally, TGF-␤ caused increased Smad3 nuclear localization, which correlated with increased ASMA expression.
Effects of Smad3-Expressing Construct and Antisense Oligonucleotides on ASMA Expression
To further examine the possible role of Smad3 in the regulation of ASMA gene expression, a Smad3-expressing plasmid and an antisense Smad3 mRNA expression plasmid were transfected into rat lung fibroblasts, and the effects on ASMA expression were analyzed by Western blotting. As shown in Figure 3 , treatment with TGF-␤ stimulated both ASMA and Smad3 expression. In addition, both the basal and TGF-␤-induced Smad3 and ASMA expression in these cells was inhibited by transfection with the antisense Smad3 plasmid, but stimulated by transfection with the (sense) Smad3 expression construct, when compared with the levels due to transfection of empty vector controls (Figure 3) . Thus the levels of ASMA expression correlated with the levels of Smad 3 expression in these cells, suggesting a role for Smad3 in the regulation of ASMA expression. The expression of GAPDH was not affected by either TGF-␤ treatment or any of the transfections.
To confirm that Smad3 could stimulate ASMA expression at the transcriptional level, a 764-bp rat ASMA promoter was fused with the luciferase reporter gene to form ␣-SMAp-luc fusion construct, and then was cotransfected Figure 2 . Expression of Smads and ASMA in rat lung fibroblasts. Expression of the indicated proteins by untreated (Ϫ) or TGF-␤ 1 -treated (ϩ) rat lung fibroblasts was analyzed by Western blotting after 48 h of incubation. All samples were whole-cell lysates, except for "Nuclear Smad3," wherein nuclear extracts were analyzed. The numbers beneath each protein band indicate the relative level of expression (as % of untreated control) determined by densitometric scanning, with the respective untreated control set to 100%. Figure 3 . Effect of Smad3 on ASMA expression. Plasmids expressing (sense) "Smad3" (pEGFPC2-RSmad3), "Antisense Smad3" (pEGFPC2-RSmad3-Rev) or "Empty vector" only were transfected into lung fibroblasts. The cells were treated with buffer only ("None") or with TGF-␤ 1 . They were then lysed and the cell extracts analyzed by Western blotting for Smad3, ASMA, or GAPDH protein expression. Equal amounts of protein were loaded for gel electrophoresis before blotting. Duplicate samples were analyzed in each experiment, which was repeated twice with similar results.
with either the Smad3 or antisense Smad3 expression plasmid into fibroblasts. Overexpression of Smad3 using this approach stimulated ASMA promoter activity, which was dramatically enhanced by TGF-␤ 1 treatment (Figure 4) . The antisense Smad3 plasmid inhibited basal and TGF-␤-induced ASMA promoter activity, whereas the empty vector did not significantly affect promoter activity (Figure 4) . These results confirmed that Smad3 could regulate transcription of the ASMA gene, and that TGF-␤-induced ASMA promoter activation was mediated by Smad3.
Mutational Analysis of SBEs
Regulation of promoter activity by Smad3 involves its binding to an SBE or to a core "CAGA" sequence (or SBE- Figure 4 . Effect of Smad3 on ASMA promoter activity. Fibroblasts were cotransfected with the ASMA promoter construct (pGal3-␣-SMAp-luc, also abbreviated as ␣-SMAp-luc) and the indicated individual Smad3 construct or expression vector only. "Smad3" indicates the Smad3 expressing construct, pEGFPC2-Smad3, whereas "anti-sense Smad3" refers to the reverse sequence Smad3 construct, pEGFPC2-Smad3-Rev. The effects of the expression vector only were used as controls (indicated as "vector"). The cells were then treated with buffer only (open bars) or with TGF-␤ 1 (filled bars), and then the cell extracts were harvested and assayed for luciferase and ␤-galactosidase activities. The luciferase activity was normalized for each construct to its respective ␤-galactosidase activity, and the results shown as fold increase over the promoterless activity. Data represent means Ϯ SE of triplicate samples. like sequences) within the promoter itself (25) (26) (27) . As determined by sequence analysis (Figure 1) , the ASMA promoter contained at least two potential SBEs in the ASMA promoter, one at Ϫ552 to Ϫ513 (SBE1) from the transcriptional start site containing three CAGA motifs, and the other at Ϫ5 to ϩ28 (SBE2) with two CAGA motifs. To test if these SBEs were functionally important for the regulation of ASMA promoter activity by Smad3, a series of ␣-SMAp-luc fusion plasmid with mutated SBEs (␣-SMAp-luc-SBEm1 and ␣-SMAp-luc-SBEm2) were constructed, along with a control (␣-SMAp-luc-SBEcontrol) plasmid with a mutation outside the SBEs ( Figure 5A ). They were then used together with the wild-type ␣-SMAp-luc fusion plasmid to assess the impact of mutations in the SBE sequences on promoter activity. Upon transfection of such constructs into fibroblasts, the activity of wild-type ␣-SMAp-luc was significantly stimulated by TGF-␤ 1 treatment as expected ( Figure 5B ). In comparison with the wild-type construct, stimulation of the mutated SBE1 ASMA promoter construct by TGF-␤ 1 was significantly reduced, whereas mutation of the SBE2 and mutation at a site other than the SBEs did not significantly impair the TGF-␤-induced promoter activity. These results indicated that SBE1 is important for the regulation of ASMA by Smad3.
Binding of Smad3 to the SBE Sites
As the effect of Smad3 on a target gene usually depends on formation of a Smad-SBE complex (25) (26) (27) , Smad3 may recognize and bind to the SBE1 and/or SBE2 in the ASMA promoter. This was indeed suggested by the results of mutational analysis of the SBEs ( Figure 5B) . To examine such a possibility, single-stranded sense and antisense oligonucleotides corresponding to the sequence of SBE1 or SBE2 were synthesized and annealed to be used as probes in an EMSA. The results showed that a complex was formed using either the SBE1 or SBE2 probe, when incubated with nuclear extracts from either untreated or TGF-␤ 1 -treated fibroblasts ( Figure 6 ). Treatment with TGF-␤ 1 enhanced the binding of trans-acting factor to the SBE1 probe. The DNA-protein Figure 5 . Effects of SBE mutations on ASMA promoter activity. A representation of maps of the ASMA promoter, its wild-type and mutant constructs is shown in A. The CAGA-binding motifs (boxed) in SBE1 and SBE2 are shown for the wildtype construct (␣-SMAp-luc). Mutated bases in the mutant and control constructs are italicized and underlined. These wildtype and mutant constructs were transfected into fibroblasts, and the cells were treated with buffer only (open bars) or with TGF-␤ 1 (filled bars). Cell extracts were then analyzed for luciferase activity and normalized to their respective control ␤-galactosidase activity. The normalized luciferase activities of the indicated constructs are shown in B. Results were expressed as fold increase over the promoterless control mean value, and shown as means Ϯ SE of triplicate samples. complex was supershifted by the addition of anti-Smad3 or anti-Smad4 antibodies. The binding was specific because the complex was competed off with a 200-fold excess of corresponding unlabeled probe ( Figure 6 ). To confirm the specificity of this binding, probes with mutated SBE sequences were used for the EMSA. Mutation of either of the SBE mutated sequences eliminated the formation of the DNA-protein complex (data not shown).
To further confirm that Smad3 does bind to the SBEs in the ASMA promoter, DNA affinity precipitation analysis was undertaken. The results show that Smad3 could be pulled down by both biotinylated SBE1 and SBE2 probes from extracts of both control and TGF-␤ 1 -stimulated cells, with stronger signals noted in the extracts from treated cells (Figure 7) . Mutation of the CAGA motif in these probes (SBE1 mut and SBE2 mut) essentially abolished this capability. These results indicated the ability of Smad3 to bind to both SBE1 and SBE2 in the ASMA promoter, which was stimulated by treating cells with TGF-␤.
Discussion
The emergence and accumulation of myofibroblasts are key characteristics of pulmonary fibrosis, and appear to arise by differentiation from fibroblasts (3) (4) (5) (6) (7) (8) . Expression of ASMA is one of the key markers of fibroblast to myofibroblast differentiation (6) . When fibroblasts differentiate to myofibroblasts, they produce high amounts of TGF-␤, which in turn could induce more neighboring fibroblasts to differentiate (8, 9, 31) . The goal of the present study was to investigate the molecular mechanisms whereby TGF-␤ upregulates ASMA expression as a means of providing additional insight to the mechanism of myofibroblast differentiation induced by this cytokine. Previous investigation using the first 125 bp of the ASMA promoter showed that a TCE, located at Ϫ42 to Ϫ61 from the transcriptional start site of the ASMA promoter, mediates this effect in smooth muscle cells (8, 9) . However, more evidence is accumulating to show that the regulation of ASMA gene expression is complex, and likely to be tissue-and cell type-specific (13, 14) . The core 125-bp promoter construct may not fully confer the overall and cell-specific transcriptional activation of the ASMA gene, despite the fact that the maximal effect of TGF-␤ induction can be seen in this short promoter. This possibility is supported by the observation that the first 125-bp promoter region lacks activity in L6 myotubes, a cell type that constitutively expresses the ASMA gene (13) . In contrast to L6 myotubes, the same 125-bp promoter exhibits high activity in endothelial cells, a cell type that does not normally express the ASMA gene (13) . Furthermore, when promoter constructs of varying lengths were transiently transfected into skeletal myoblasts that were then induced to differentiate into myotubes, the promoter activities differed from those seen in other cell types. Addition of the region between Ϫ125 and Ϫ699, which contains the SBE1 reported in this study (Figure 1) , results in higher promoter activity compared with that of the first Ϫ125-bp core promoter in skeletal myotubes, but causes decreased promoter activity in skeletal myoblasts, endothelial cells, and smooth muscle cells (13) . Therefore, cis-acting elements in loci other than the core promoter region must be considered for a complete picture of the transcriptional regulation of the ASMA gene (32) .
A system comprised of Smad proteins is found to mediate intracellular signaling of the TGF-␤ superfamily of ligands in many cells (16) (17) (18) (19) (20) . An in vivo study shows that loss of Smad3 greatly attenuated morphologic evidence of fibrosis Figure 7 . Binding of Smad3 to SBE1 and SBE2 by DNA affinity precipitation. Equal amounts of lysate protein from control and TGF-␤1-treated cells were incubated with biotinylated wild-type SBE1 or SBE2 double-stranded oligonucleotides as indicated, followed by incubation with streptavidin-agarose. After extensive washing, the precipated oligonucleotide-protein complexes were separated by gel electrophoresis followed by immunoblotting using anti-Smad3 antibody. Specificity of binding to the probe was determined using mutant double-stranded oligonucleotide probes, SBE1 mut or SBE2 mut, instead of the corresponding wild-type probes.
in bleomycin-treated mice, thus implicating Smad3 in the pathogenesis of pulmonary fibrosis (33) . However, the Smad pathway and its possible role in mediating TGF-␤-induced myofibroblast differentiation, and specifically ASMA gene expression, have not been determined. In this study, expression of all members of the Smad family by rat lung fibroblasts was documented. The initial survey also indicated that Smad3 and Smad4 expression were elevated in TGF-␤ 1 -stimulated fibroblasts. Interestingly, in lung type II alveolar epithelial cells that do not express ASMA, Smad3 was undetectable (data not shown). Based on this suggestion of a potential role for the Smad pathway, and especially Smad3, the role of Smad3 in ASMA expression was first tested by transient transfection with Smad3 or antisense Smad3 constructs into rat lung fibroblasts. The importance of Smad3 was suggested by elevated ASMA expression in cells transfected with a Smad3-expressing plasmid, and inhibition of ASMA expression by the antisense construct. Furthermore, analysis of the rat ASMA promoter sequence identified two potential SBEs. The functional importance of one of these SBEs, namely the more upstream SBE1, in regulating ASMA gene expression was demonstrated by mutational analysis of a 764-bp rat ASMA promoter construct. Thus only the construct mutated at the SBE1 site showed significantly reduced promoter activity. The function of SBE2, if any, remains to be determined. Binding of Smad3 to these SBE sequences was shown by gel shift assay combined with supershift analysis, and DNA affinity precipitation. These findings taken in their totality indicate that besides the TCE, Smad3 regulation via binding to SBE1 may also be an important factor in TGF-␤1-induced ASMA gene expression. The relative importance of SBE1 vis-à -vis TCE has not been directly addressed, although a TCE decoy oligonucleotide has been shown to inhibit TGF-␤ 1 -induced ASMA expression (8) , indicating that the TCE is essential for this induction. Mutation of the TCE has only been undertaken in the truncated promoter constructs that do not contain the SBE1 sequence (8, 9) , thus making it impossible to directly assess the relative contribution of the former versus the latter. In the current study, mutation of SBE1 significantly inhibited promoter (with intact TCE) activity to a similar extent as that seen in the truncated TCE mutant promoter as well as by the decoy TCE oligonucleotide (8) . This circumstantial evidence suggests that both SBE1 and TCE may be equally important in regulating the intact promoter, perhaps due to interaction of transcription factors bound to these elements; but that the truncated promoter (without SBE1 sequence) requires only the TCE for activity. Further study is required to confirm or refute such a possibility.
In summary, the results of this study extend current understanding of ASMA gene regulation by TGF-␤ to more upstream regions of the ASMA promoter, which include SBE1 located beyond the first 125-bp core promoter sequence. The findings and the results of previous studies strongly suggest that binding of both Smad3 to SBE1 and Krü ppel-like factors to TCE is essential for the regulation of ASMA gene expression by TGF-␤. Future study will focus on the potential cross talk between these and other transcription factors, as has been reported in the regulation of ␣ 2 (I) procollagen (COL1A2) and p15(Ink4B) gene tran-scription by TGF-␤ (33, 34) . In those studies, Smad3 cooperates with one of the TCE-binding factors, Sp1, to regulate TGF-␤-induced promoter activity. Similar synergistic interactions may also be important in the regulation of ASMA gene expression.
